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THE ISOTHERMAL FATIGUE BEHAVIOR OF A UNIDIRECTIONAL S i C / T i  COMPOSITE 

AND THE T i  ALLOY M A T R I X  

John Gayda, J r . ,  Timothy P .  Gabb, and A lan  D. Freed 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C leve land ,  Oh io  44135 

I .  
SUMMARY 

The h i g h  tempera ture  f a t i g u e  behav io r  o f  a meta l  m a t r i x  composi te  (MMC) 
c o n s i s t i n g  o f  Ti-lSV-3Cr-3A1-3Sn (T i -15-3)  m a t r i x  r e i n f o r c e d  by 33 v o l  % o f  
con t inuous  u n i d i r e c t i o n a l  Sic f i b e r s  was e x p e r i m e n t a l l y  and a n a l y t i c a l l y  eva lu -  
a ted .  I s o t h e r m a l  MMC f a t i g u e  t:ests w i t h  c o n s t a n t  amp l i t ude  l o a d i n g  p a r a l l e l  t o  
the  f i b e r  d i r e c t i o n  were per fo rmed a t  300 and 550 "C. 
t e s t s  of t h e  Ti-15-3 m a t r i x  a l l o y  were a l s o  conducted.  Composite f a t i g u e  
behav io r  and t h e  i n - s i t u  s t r e s s ,  s t a t e  o f  t h e  f i b e r  and m a t r i x  were ana lyzed 

m 
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u w i t h  a micromechanica l  model, t h e  C o n c e n t r i c  C y l i n d e r  Model (CCM). 

Comparat ive f a t i g u e  

I 
b- 

The c y c l i c  s t r e s s - s t r a i n  response o f  t h e  composi te  was s t a b l e  a t  300 "C. 
However, an i nc rease  i n  c y c l i c  mean s t r a i n  fo reshor tened  MMC f a t i g u e  l i f e  a t  
h i g h  s t r a i n  ranges a t  550 "C.  F a t i g u e  t e s t s  o f  t h e  m a t r i x  a l l o y  and CCM ana ly -  
s e s  i n d i c a t e d  t h i s  response was a s s o c i a t e d  w i t h  s t r e s s  r e l a x a t i o n  o f  t h e  m a t r i x  
i n  t h e  composi te .  

INTRODUCTION 

C u r r e n t l y  t h e r e  i s  g r e a t  i n t e r e s t  i n  T i  m a t r i x  composi tes ( r e f .  1 )  f o r  
aerospace a p p l i c a t i o n s  a t  tempera tures  up t o  800 "C. These m a t e r i a l s  offer 
i nc reased  s t i f f n e s s  and s t r e n g t h  a t  lower d e n s i t i e s  than  m o n o l i t h i c  T i  a l l o y s ,  
e s p e c i a l l y  a t  e l e v a t e d  tempera tures  ( r e f .  2 ) .  Whi le  t h e  p o t e n t i a l  improvement 
i n  monotonic  p r o p e r t i e s  i s  obv ious ,  t h e  e f f e c t  o f  f i b e r  r e i n f o r c e m e n t  of T i  
m a t r i c e s  w i t h  r e s p e c t  t o  f a t i g u e  p r o p e r t i e s  i s  l e s s  c e r t a i n ,  e s p e c i a l l y  a t  e l e -  
va ted  tempera tures  ( r e f .  3 ) .  

The f i r s t  o b j e c t i v e  o f  t h i s  paper i s  t o  c h a r a c t e r i z e  t h e  i s o t h e r m a l  
f a t i g u e  b e h a v i o r  of a u n i d i r e c t i o n a l ,  SiC/Ti-15-3 composi te .  To ana lyze  t h e  
e f f e c t  o f  f i b e r  r e i n f o r c e m e n t ,  t h e  f a t i g u e  l i v e s  o f  t h e  composi te  w i l l  be com- 
pared t o  t h a t  o f  t h e  Ti-15-3 a l l o y .  T h i s  s tudy  w i l l  be c o n f i n e d  t o  e l e v a t e d  
tempera ture  f a t i g u e  behav io r  a t  300 and 550 "C; t h e  room tempera ture  f a t i g u e  
behav io r  o f  t h i s  system has been c h a r a c t e r i z e d  by Johnson ( r e f .  4 ) .  T e n s i l e  
s t r e s s - s t r a i n  behav io r  w i l l  a l s o  be examined i n  t h i s  s tudy .  

The second o b j e c t i v e  o f  t h i s  paper  i s  t o  t r a c e  t h e  e v o l u t i o n  o f  t h e  f i b e r ,  
m a t r i x ,  and composi te  s t r e s s  s t a t e  d u r i n g  t h e  f a t i g u e  t e s t  u s i n g  an a n a l y t i c a l  
approach.  The Concen t r i c  C y l i n d e r  Model, CCM, developed by E b e r t  and coworkers 
( r e f s .  5 a r d - 6 )  w i l l  be employed i n  t h i s  a n a l y s i s .  I n  essence t h e  CCM approach 
s imu la tes  m a t r i x  behav io r  w i t h  a c y l i n d r i c a l  s h e l l ,  which encases a c e n t r a l  
c y l i n d e r  t h a t  s imu la tes  f i b e r  b e h a v i o r .  Whi le  t h i s  model i s  l i m i t e d  to  l o a d i n g  
of u n i d i r e c t i o n a l  composi tes p a r a l l e l  t o  the  f i b e r  d i r e c t i o n ,  i t  does p r e d i c t  
and cons ide r  t h e  m u l t i a x i a l  s t r e s s  s t a t e  p r e s e n t  i n  a l l  composi tes,  t h e r m a l l y  



genera ted  r e s i d u a l  s t r e s s e s ,  and p l a s t i c i t y  e f f e c t s  i n  t h e  m a t r i x .  A s  T i  
a l l o y s  c reep r e a d i l y  a t  550 "C, t h e  CCM approach was mod i f i ed  u s i n g  a s imp le  
" r e l a x a t i o n  scheme" t o  accommodate m a t r i x  c reep.  I 

I MATERIAL AND PROCEDURES 

The composi te used i n  t h i s  s tudy  had a Ti-15V-3Cr-3A1-3Sn a l l o y  m a t r i x  
(T i -15-3) ,  s t rengthened by  3320.5 v o l  % of con t inuous  S I C  f i b e r ,  SCS-6. A 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  composi te  m i c r o s t r u c t u r e  i s  con ta ined  e lsewhere 
( r e f .  7 ) .  A l l  composi te  specimens used i n  t h i s  s tudy  were o b t a i n e d  from a 
s i n g l e ,  e i g h t - p l y ,  u n i d i r e c t i o n a l  panel  manufactured by  Tex t ron  S p e c i a l t y  Mate- 
r i a l s  D i v i s i o n .  The composi te  pane l  was 30 by  30 by  0.21 cm. Tex t ron  a l s o  
f a b r i c a t e d  a Ti-15-3 a l l o y  p l a t e  w i t h o u t  f i b e r s ,  30 by  30 by 1.0 cm, u s i n g  t h e  
same Ti-15-3 f o i l  and c o n s o l i d a t i o n  techn iques  employed i n  composi te  produc-  
t i o n .  The 1.0 cm d imens ion  was d e s i r e d  to  f a c i l i t a t e  tens ion /compress ion  t e s t -  
i n g  o f  t h e  m a t r i x  a l l o y .  

F l a t  composi te  t e s t  specimens, shown i n  f i g u r e  1 ,  were machined from t h e  
composi te  panel  u s i n g  a two s t e p  mach in ing  process .  
imen was f i r s t  machined w i t h  a w i r e  EDM procedure  and then  diamond ground t o  
remove damaged m a t e r i a l  and o b t a i n  t h e  d e s i r e d  d imensions.  C y l i n d r i c a l  t e s t  
specimens o f  t h e  m a t r i x  a l l o y  were ground t o  t h e  d imensions shown i n  f i g u r e  2 .  
Th i s  specimen des ign  can accommodate t h e  tens ion /compress ion  l o a d i n g  which can 
a r i s e  i n  h i g h  tempera ture ,  s t r a i n - c o n t r o l l e d  f a t i g u e  t e s t s .  A f t e r  mach in ing ,  
t he  composi te  and t h e  m a t r i x  a l l o y  specimens were b o t h  hea t  t r e a t e d  a t  593 "C 
f o r  24 h r  i n  an argon atmosphere t o  s t a b i l i z e  t h e  m i c r o s t r u c t u r e  and t h e r e f o r e  
t h e  p r o p e r t i e s  o f  t h e  m a t r i x .  

A s l i g h t l y  o v e r s i z e d  spec- 

I s o t h e r m a l  f a t i g u e  t e s t  on t h e  composi te  were r u n  u s i n g  a l o a d - c o n t r o l l e d  
s e r v o h y d r a u l i c  t e s t  system equipped w i t h  h y d r a u l i c  wedge g r i p s .  A t r i a n g u l a r  
waveform was employed w i t h  a minimum l o a d  of z e r o  t o  p r e v e n t  compress ive load-  
i n g  o f  t h e  t h i n  specimens. The l o a d i n g  r a t e  was a d j u s t e d  t o  g i v e  a r e l a t i v e l y  
c o n s t a n t  s t r a i n  r a t e  o f  0.001 sec-1. T h i s  was p o s s i b l e  as t h e  composi te  
response was e s s e n t i a l l y  l i n e a r .  I n  a l l  t e s t s ,  t he  f i b e r  d i r e c t i o n  and t h e  
l o a d i n g  a x i s  were p a r a l l e l  w i t h i n  1 " .  A x i a l  s t r a i n  measurements were made 
w i t h  a h i g h  tempera ture  extensometer  h a v i n g  a 12.5 mm gage l e n g t h  a t t a c h e d  
t o  t h e  edge o f  t h e  specimen. D i r e c t  i n d u c t i o n  h e a t i n g  was employed i n  a l l  
t e s t s  and specimen tempera ture  was c o n t r o l l e d  u s i n g  an i n f r a r e d  pyrometer .  A 
tempera ture  g r a d i e n t  of l e s s  than  10 "C was ma in ta ined  w i t h i n  the  gage l e n g t h  
o f  t h e  specimen. 

I so the rma l  f a t i g u e  t e s t s  on t h e  m a t r i x  a l l o y  were r u n  u s i n g  a s t r a i n -  
c o n t r o l l e d  s e r v o h y d r a u l i c  t e s t  system. Whi le  s t r a i n - c o n t r o l l e d  t e s t i n g  o f  the  
m a t r i x  a l l o y  may seem i n a p p r o p r i a t e  as l o a d - c o n t r o l  was employed f o r  t h e  com- 
p o s i t e ,  t h i s  cho ice  i s  n o t  i r r a t i o n a l ,  as m a t r i x  de format ion  i n  the  composi te  
i s  ve ry  much a s t r a i n - c o n t r o l l e d  s i t u a t i o n  r e s u l t i n g  from t h e  e l a s t i c  response 
o f  the  f i b e r s .  A t r i a n g u l a r  waveform and a s t r a i n  r a t e  o f  0.001 sec- l  were 
u s u a l l y  employed. However, i n  t h e  l owes t  s t r a i n  range t e s t  a t  300 "C a s t r a i n  
r a t e  o f  0.01 sec- l  was employed t o  genera te  l i f e  d a t a  more r a p i d l y .  I n  a l l  
t e s t s ,  a z e r o / t e n s i o n  s t r a i n  r a t i o  was en forced to  s i m u l a t e  the  m a t r i x  behav- 
i o r  i n  the  composi te .  
Specimen tempera ture  was c o n t r o l l e d  u s i n g  a t y p e  K thermocouple.  A x i a l  s t r a i n  
measurements were made u s i n g  a h i g h  tempera ture  extensometer  o f  12.5 mm gage 
1 ength .  

A three-zone e l e c t r i c  furnace was used fo r  h e a t i n g .  
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For bo th  composi te  and m a t r i x  a l l o y ,  s t r e s s  versus  s t r a i n  h y s t e r e s i s  
loops  were p e r i o d i c a l l y  reco rded  u s i n g  an x-y r e c o r d e r .  
versus t i m e  and s t r a i n  versus  t i m e  d a t a  w e r e  c o n t i n u a l l y  reco rded  w i t h  a 
two-pen s t r i p  c h a r t .  

I n  a d d i t i o n ,  s t r e s s  

RESULTS AND DISCUSSION 

T e n s i l e  Behav io r  

T y p i c a l  t e n s i l e  s t r e s s - s t r a i n  curves  for  t h e  m a t r i x  a l l o y  a r e  p resen ted  

The e l o n g a t i o n  i nc reases  from 13 p e r c e n t  a t  300 "C t o  42 p e r c e n t  
i n  f i g u r e  3. A s  expected,  t h e  s t r e n g t h  and modu l i  decrease as t h e  tempera ture  
i nc reases .  
a t  550 "C.  

T y p i c a l  t e n s i l e  s t r e s s - s t r a i n  curves  f o r  t h e  composi te  a re  p resen ted  i n  
f i g u r e  4 .  Whi le  t h e  modu l i  and t h e  s t r e n g t h  o f  t h e  composi te  decrease w i t h  
i n c r e a s i n g  tempera ture ,  t h e  s t r a i n  t o  f a i l u r e  shows no s i g n i f i c a n t  tempera ture  
dependence. The composi te  f a i l u r e  s t r a i n  a p p a r e n t l y  i s  governed by t h e  f a i l u r e  
s t r a i n  of t h e  f i b e r s ,  which i s  r e l a t i v e l y  c o n s t a n t  o v e r  t h i s  tempera ture  range 
( m a n u f a c t u r e r ' s  d a t a ) .  Us ing  t h e  r u l e  o f  m i x t u r e s  and e l a s t i c  modu l i  measure- 
ments f o r  t h e  composi te  and m a t r i x  a l l o y ,  t h e  average f i b e r  modulus, E ,  i s  com- 
pu ted  t o  be 370 GPa a t  300 " C  and 350 GPa a t  550 "C. A s i m i l a r  c a l c u l a t i o n  
employ ing  t h e  t e n s i l e  s t r e s s - s t r a i n  curves  o f  t h e  composi te  and m a t r i x  a l l o y  
i n d i c a t e s  average f i b e r  s t r e n g t h s ,  Su of 2800 MPa a t  300 "C and 2700 MPa a t  
550 "C .  
( m a n u f a c t u r e r ' s  da ta )  f o r  v i r g i n  f i b e r s ,  E > 400 GPa and Su > 3500 MPa, 
i m p l y i n g  f i b e r  deg rada t ion  has (occurred d u r i n g  c o n s o l i d a t i o n ,  mach in ing ,  
and /o r  h e a t  t r e a t i n g .  

These c a l c u l a t e d  p r o p e r t i e s  have lower  va lues  than  those r e p o r t e d  

F a t i g u e  Behav io r  of M a t r i x  Al loy 

The r e s u l t s  o f  f a t i g u e  t e s t s  on t h e  m a t r i x  a l l o y  a r e  summarized i n  
t a b l e  I, and t h e  i so the rma l  t o t a l  s t r a i n  range versus  f a t i g u e  l i f e  curves  a r e  
p resen ted  i n  f i g u r e  5 .  The upper and lower  s t r a i n  ranges examined were chosen 
to  c o i n c i d e  w i t h  t h a t  o f  t h e  composi te .  A s  seen i n  t h e  f i g u r e ,  t h e  f a t i g u e  
l i f e  a t  550 "C i s  s u p e r i o r  t o  t h a t  a t  300 "C.  T h i s  i s  p r o b a b l y  due t o  a d i f -  
ference i n  mean s t r e s s .  A t  300 "C t h e r e  i s  l i t t l e  s t r e s s  r e l a x a t i o n ,  and a 
t e n s i l e  mean s t r e s s  i s  ma in ta ined  th roughou t  t h e  t e s t .  However, a t  550 " C ,  
the c y c l i c  mean s t r e s s  approaches z e r o  a t  a r a p i d  r a t e ,  as shown i n  f i g u r e  6 .  
I ience, t h e  550 "C f a t i g u e  t e s t s  deve lop  a s t r e s s  r a t i o  (R, = amin/omax) of - 1  
by h a l f  l i f e ,  w h i l e  t h e  300 "C f a t i g u e  t e s t s  m a i n t a i n  a z e r o  s t r e s s  r a t i o  f o r  
the most p a r t .  U n l i k e  mean s t r e s s ,  t h e  s t r e s s  range d i d  n o t  v a r y  s i g n i f i c a n t l y  
i n  these t e s t s .  A s  seen i n  t a b l e  I ,  t h e  s t r e s s  range a t  c y c l e  one, 100, and 
h a l f  l i f e  a re  e s s e n t i a l l y  unchanged. 

A t  e i t h e r  tempera ture ,  t h e  low s t r a i n  l i f e  d a t a  i n  f i g u r e  5 a r e  p l o t t e d  
iis r u n o u t s .  A l l  t h r e e  o f  these t e s t s  were t e r m i n a t e d  by a shear - type  t h r e a d  
f a i l u r e .  Pas t  exper ience  w i t h  t h i s  specimen des ign  ( r e f .  8) has never  produced 
t h i s  t ype  o f  f a i l u r e ,  sugges t ing  t h a t  t h e  i n -p lane  shear s t r e n g t h  of t h e  m a t r i x  
i i l l o y  p l a t e  i s  r e l a t i v e l y  low. 
t h e  f o i l - f o i l  i n t e r f a c e s  i n  t h e  m a t r i x  a l l o y .  

T h i s  e f f e c t  may be r e l a t e d  t o  t h e  s t r e n g t h  of 
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F a t i g u e  Behav io r  o f  t h e  Composite 

The r e s u l t s  o f  f a t i g u e  t e s t s  on t h e  composi te  a r e  summarized i n  t a b l e  11. 
A s  t h e  f a t i g u e  da ta  on t h e  composi te  were genera ted  u s i n g  a l o a d - c o n t r o l l e d  
t e s t  system, a s t r e s s  based comparison o f  t h e  composi te  and t h e  m a t r i x  a l l o y  
w i l l  be p resented  f i r s t  ( f i g .  7 ) .  A t  300 "C t h e  f a t i g u e  l i f e  o f  t h e  composi te  
i s  more than 10 t i m e s  g r e a t e r  t han  t h a t  o f  t h e  m a t r i x  a l l o y  a t  a s t r e s s  range 
o f  700 MPa. Note t h a t  t h e  mean s t r e s s  r a t i o ,  R,, for  e i t h e r  m a t e r i a l  i s  essen- 
t i a l l y  z e r o  a t  300 " C .  A t  550 "C, t h e  composi te  s t i l l  has a l i f e  which i s  
g r e a t e r  than t h a t  o f  t h e  m a t r i x  a l l o y  a t  t h i s  s t r e s s  l e v e l .  However, t h e  d i f -  
f e rence  i s  s m a l l e r  t han  t h a t  observed a t  300 "C. T h i s  may be due i n  l a r g e  p a r t  
to  the  d i f f e r e n c e  i n  s t r e s s  r a t i o s  o f  t h e  composi te  and the  m a t r i x  a l l o y  a t  
550 "C. The composi te  s t r e s s  r a t i o  i s  h e l d  a t  ze ro ,  b u t  as p r e v i o u s l y  s t a t e d ,  
t he  s t r e s s  r a t i o  o f  t h e  m a t r i x  a l l o y  r a p i d l y  decreases from z e r o  to  -1  d e s p i t e  
hav ing  h e l d  t h e  s t r a i n  r a t i o  a t  ze ro .  An a n a l y s i s  o f  t h e  change i n  t h e  s t r e s s  
r a t i o  w i t h i n  t h e  m a t r i x  o f  t h e  composi te  w i l l  be d iscussed l a t e r .  

A t  s t r e s s e s  below 1000 MPa, t h e  300 and 550 "C f a t i g u e  l i f e  l i n e s  o f  t h e  
composi te  have s i m i l a r  s lopes ,  b u t  t h e  300 "C l i f e  i s  app rox ima te l y  t h r e e  t imes 
longer  than  t h e  550 "C l i f e  on a s t r e s s  b a s i s .  The l o n g e r  l i f e  o f  t h e  compos- 
i t e  a t  300 "C i s  t o  be expected,  as t h e  s t r e n g t h  of t h e  composi te  i s  h i g h e r  a t  
t h i s  tempera ture ,  due i n  l a r g e  p a r t  t o  t h e  h i g h e r  s t r e n g t h  o f  t h e  T i  m a t r i x .  

A t  s t r e s s e s  above about  1000 MPa, t h e  550 "C f a t i g u e  l i f e  o f  t h e  compos- 
i t e  i s  g r e a t l y  f o r e s h o r t e n e d .  A t  a s t r e s s  o f  1095 MPa, t h e  f a t i g u e  l i f e  a t  
550 "C was o n l y  10 c y c l e s  compared t o  a l i f e  o f  3000 c y c l e s  a t  300 "C. Th i s  
l i f e  r e d u c t i o n  a t  h i g h  s t r e s s e s  i s  a p p a r e n t l y  r e l a t e d  t o  t h e  i n a b i l i t y  o f  the  
m a t r i x  t o  m a i n t a i n  a mean s t r e s s  a t  550 "C, i . e . ,  t h e  m a t r i x  c reeps .  For a l l  
s t r e s s  ranges ,  t h e  composi te  shows a pronounced i n c r e a s e  i n  mean s t r a i n  (due 
t o  t e n s i l e  c reep o f  t h e  m a t r i x )  d u r i n g  c y c l i n g  a t  550 "C, which was n o t  found 
i n  t e s t s  a t  300 "C.  F i g u r e  8 compares t h e  change i n  mean s t r a i n  d u r i n g  300 
and 550 "C f a t i g u e  t e s t s  a t  comparable s t r e s s  ranges .  I n  these l o a d - c o n t r o l l e d  
t e s t s  t h e  i n a b i l i t y  o f  t h e  m a t r i x  t o  suppor t  a mean s t r e s s  a t  550 "C, as p r e v i -  
o u s l y  shown i n  f i g u r e  6 ,  would produce t h e  observed change i n  mean s t r a i n  o f  
t h e  composi te .  The s t r e s s  which i s  shed by t h e  m a t r i x  i s  t r a n s f e r r e d  t o  t h e  
f i b e r s ,  and t h i s  l o a d  t r a n s f e r  a p p a r e n t l y  shor tens  l i f e  a t  h i g h  s t r e s s e s ,  as 
t h e  t e n s i l e  s t r e n g t h  of t h e  weaker f i b e r s  i s  exceeded. F a i l u r e  o f  t h e  weaker 
f i b e r s  i nc reases  t h e  s t r e s s  on t h e  a d j a c e n t  f i b e r s ,  t he reby  caus ing  f a i l u r e  o f  
these f i b e r s  and so on u n t i l  t h e  e n t i r e  specimen f a i l s .  A t  lower  s t r e s s e s  t h e  
l o a d  t r a n s f e r  and subsequent i n c r e a s e  i n  mean s t r a i n  s t i l l  occu rs  a t  550 " C ,  
b u t  t he  peak f i b e r  s t r e s s  i s  a p p a r e n t l y  n o t  s u f f i c i e n t  t o  immed ia te l y  f a i l  t h e  
weaker f i b e r s .  A s  premature t e n s i l e  f a i l u r e  of f i b e r s  does n o t  o c c u r ,  a l onger  
f a t i g u e  l i f e  r e s u l t s .  

Whi le  a s t ress-based comparison o f  t h e  f a t i g u e  l i v e s  o f  t h e  composi te  
and t h e  m a t r i x  a l l o y  i s  i m p o r t a n t  from c e r t a i n  a p p l i c a t i o n  s t a n d p o i n t s ,  t o  
unders tand f a t i g u e  f a i l u r e ,  i t  i s  p r o b a b l y  more i n s t r u c t i v e  t o  compare f a t i g u e  
l i f e  on a s t r a i n  b a s i s .  The f a t i g u e  l i v e s  o f  t h e  composi te  and m a t r i x  a l l o y  
a re  p l o t t e d  a g a i n s t  t o t a l  s t r a i n  range a t  h a l f  l i f e  i n  f i g u r e  9.  A t  300 and 
550 "C  t h e  l i f e  o f  t h e  composi te  i s  l e s s  than  t h a t  o f  t h e  m a t r i x  a l l o y ,  
a l t h o u g h  the  d i f f e r e n c e  i s  much s m a l l e r  a t  300 "C. Note t h a t  t h e  300 and 
550 " C  l i v e s  o f  t h e  composi te  converge a t  low s t r a i n s .  Th is  i s  reasonab le ,  as 
a s t ra in -based  comparison tends t o  n o r m a l i z e  tempera ture- induced d i f f e r e n c e s  i n  
modu l i  and s t r e n g t h  which o f t e n  produce l i f e  d i f f e r e n c e s  when f a t i g u e  l i f e  i s  
viewed on a s t r e s s  b a s i s .  A t  l a r g e  s t r a i n s  t h e  d i f f e r e n c e  i n  composi te  f a t i g u e  
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l i f e  (300 versus  550 " C )  observed on  a s t r e s s  bas 
t h e  d i f f e r e n c e  i s  even more apparent ,  as a s t r a i n  
l i f e  o f  900 c y c l e s  a t  300 "C w h i l e  a s t r a i n  range 
of o n l y  10 c y c l e s  a t  550 "C.  

s i s  s t i l l  e v i d e n t .  I n  f a c t ,  
range o f  0.8 p e r c e n t  g i v e s  a 
o f  0.65 p e r c e n t  g i v e s  a l i f e  

On a s t r a i n  b a s i s ,  t h e  l i f e  d e f i c i t  o f  t h e  composi te  r e l a t i v e  t o  t h a t  o f  
t he  m a t r i x  a l l o y  suggests  t h a t  t h e  m a t r i x ,  i n  and by  i t s e l f ,  does n o t  c o n t r o l  
l i f e .  Nor i s  i t  expected that: t h e  f i b e r  i n  and by i t s e l f  c o n t r o l s  l i f e .  To 
examine these p o i n t s  i n  more d e t a i l ,  t h e  e v o l u t i o n  o f  t h e  f i b e r ,  m a t r i x ,  and 
composite s t r e s s  s t a t e s  w i l l  now be ana lyzed u s i n g  t h e  CCM approach o u t l i n e d  
i n  the  i n t r o d u c t i o n  o f  t h i s  paper .  

C o n c e n t r i c  C y l i n d e r  Model 

The CCM can be used to  ana lyze  u n i d i r e c t i o n a l  composi te  b e h a v i o r  under 
thermal  and mechanica l  l o a d i n g .  I n  t h i s  model, t h e  composi te  cont inuum i s  
s i m u l a t e d  by two c y l i n d e r s  ( f i g .  10) .  For  f i b e r  volume f r a c t i o n s  l e s s  t han  
50 p e r c e n t  t h e  c e n t r a l  c y l i n d e r  i s  t h e  f i b e r  s i m u l a t o r  and t h e  o u t e r  c y l i n d e r  
i s  t he  m a t r i x  s i m u l a t o r .  S e t t i n g  t h e  r a d i u s  o f  t h e  m a t r i x  s i m u l a t o r  a t  one, 
t h e  r a d i u s  o f  t h e  f i b e r  s i m u l a t o r  i s  d i c t a t e d  by t h e  volume f r a c t i o n .  For a 
33 vol % f i b e r  f r a c t i o n  t h e  r a d i u s  o f  t h e  f i b e r  s i m u l a t o r  i s  0.57. 

The a x i a l  (Sz), r a d i a l  ( S r ) ,  and t a n g e n t i a l  ( S t )  s t r e s s  d i s t r i b u t i o n s  for 
t h i s  geometry a r e  e s s e n t i a l l y  t h a t  o f  a t h i c k  w a l l  p r e s s u r e  v e s s e l .  
problems,  t h e  r a d i a l  d isp lacement ,  u, from which a l l  s t r a i n s  and s t r e s s e s  a re  
computed, i s  governed b y :  

I n  b o t h  

u = A r + -  B 
r ( 1 )  

where r i s  t h e  r a d i a l  c o o r d i n a t e  and A and 6 a r e  c o n s t a n t s  which for  t h e  
p ressu re  vesse l  problem a r e  dependent on t h e  f l u i d  p ressu re .  I n  t h e  CCM prob-  
lem, t h e  i m p o s i t i o n  o f  a f o r c e  ba lance i n  t h e  a x i a l  d i r e c t i o n  and t h e  i n c l u s i o n  
o f  a thermal  s t r a i n  te rm i n  Hooke's law genera te  t h e  " f l u i d  p r e s s u r e . "  A f u r -  
t h e r  d i f f e r e n c e ,  which i s  obv ious ,  i s  t h a t  t h e  c e n t r a l  c y l i n d e r  takes  on prop-  
e r t i e s  o f  a s o l i d  n o t  a f l u i d .  

Deformat ion  p l a s t i c i t y  i n  t h e  m a t r i x  s i m u l a t o r  can be accommodated by 
a d o p t i n g  an i nc remen ta l  s o l u t i o n  scheme and r e p l a c i n g  t h e  e l a s t i c  c o n s t a n t s ,  
E and V ,  i n  Hooke's law w i t h  t h e  a p p r o p r i a t e  p l a s t i c  c o n s t a n t s  when t h e  m a t r i x  
f lows. To determine t h e  o n s e t  o f  p l a s t i c  flow, t h e  von Mises y i e l d  c r i t e r i o n  
was employed u s i n g  t h e  t h r e e  p r i n c i p a l  s t r e s s e s ,  S z ,  S r ,  and S t .  A S  S r  and S t  
a r e  f u n c t i o n s  o f  r ,  one i s  f o r c e d  t o  choose a l o c a t i o n  a t  wh ich  m a t r i x  p roper -  
t i e s  a re  eva lua ted .  I n  t h i s  s tudy ,  r = 0.82 was s e l e c t e d ,  as t h i s  l o c a t i o n  
b i s e c t s  t h e  m a t r i x  s i m u l a t o r  i n t o  equal  p a r t s  on  an a rea  b a s i s .  

The need t o  s i m u l a t e  c reep o f  t h e  m a t r i x  i s  o f  paramount impor tance a t  
these tempera tures .  A t  t h i s  t ime ,  a r i g o r o u s ,  t h e o r e t i c a l  a n a l y s i s  o f  t h i s  
problem w i l l  n o t  be a t tempted;  i n s t e a d  a s imp le  " r e l a x a t i o n  scheme" w i l l  be 
employed. E s s e n t i a l l y  t h i s  i s  a two p a r t  p rocedure .  F i r s t  t h e  m a t r i x  s t r e s s  
d i s t r i b u t i o n  i s  a l l o w e d  t o  r e l a x  f o r  a g i v e n  p e r i o d  o f  t i m e .  
t h i s  i s  ach ieved by a l l o w i n g  a l l  t h r e e  p r i n c i p a l  s t r e s s e s  t o  decay a t  a r a t e  
which i s  de termined by t h e  i n i t i a l  magni tude o f  t h a t  component of s t r e s s  a t  a 
g i v e n  l o c a t i o n .  Second, t o  m a i n t a i n  e q u i l i b r i u m ,  t h e  f i b e r  s t r e s s  d i s t r i b u t i o n  

C o m p u t a t i o n a l l y ,  
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must be a l t e r e d .  I n  t h e  a x i a l  d i r e c t i o n ,  t h i s  i s  ach ieved by a d j u s t i n g  the  
f i b e r  s t r e s s ,  Sz,  t o  c o u n t e r a c t  t h e  decrease i n  t h e  m a t r i x  s t r e s s ,  Sz ,  such 
t h a t  t he  composite s t r e s s  i s  unchanged. I n  t h e  t r a n s v e r s e  d i r e c t i o n s ,  t h e  
f i b e r  s t r e s s e s ,  S r  and S t ,  a r e  s e t  equal  t o  t h e  m a t r i x  s t r e s s ,  S r ,  a t  t h e  
i n t e r f a c e .  The a x i a l  s t r a i n  o f  t h e  composi te ,  e ,  w i l l  a l s o  change and i t  can 
be approx imated by:  

(dS, - 2Vf dSr) 

Ef enew = cold + 

( 2 )  

where dSZ and dSr a r e  t h e  change i n  t h e  a x i a l  and r a d i a l  f i b e r  s t r e s s  
r e s p e c t i v e l y  and Ef and Vf a r e  t h e  modulus and Po isson r a t i o  o f  t h e  f i b e r .  

A s  an i nc remen ta l  approach i s  needed for  CCM problems i n v o l v i n g  m a t r i x  
p l a s t i c i t y  or c reep,  a compu te r -o r i en ted  f o r m u l a t i o n  of t h e  CCM i s  h i g h l y  
d e s i r a b l e .  The a c t u a l  computer codes used i n  t h i s  i n v e s t i g a t i o n ,  TCCM and 
MCCM, were  w r i t t e n  i n  B A S I C  and a r e  l i s t e d  i n  t h e  appendix .  TCCM was used t o  
t r a c k  the  e v o l u t i o n  o f  r e s i d u a l  s t r e s s e s  i n  t h e  f i b e r  and m a t r i x  on c o o l i n g  
and h e a t i n g ,  w h i l e  MCCM was used t o  t r a c k  t h e  f i b e r ,  m a t r i x ,  and composi te  
s t r e s s e s  d u r i n g  t h e  f a t i g u e  t e s t s .  I n  b o t h  codes, a r e l a x a t i o n  s u b r o u t i n e  was 
executed u s i n g  an a p p r o p r i a t e  t i m e  increment ,  f o l l o w i n g  each Inc remen ta l  change 
i n  tempera ture  (TCCM) or s t r a i n  (MCCM). The tempera ture  and s t r a i n  inc rements  
a r e ,  from t h e  s t a n d p o i n t  of t h e  a n a l y s i s ,  i ns tan taneous .  

The p h y s i c a l  and mechanica l  p r o p e r t i e s  o f  t h e  f i b e r  and m a t r i x  used i n  
these ana lyses  a r e  a l s o  l i s t e d  i n  t h e  appendix .  Whi le  t h e  s t r e s s - s t r a i n  
behav io r  o f  t h e  f i b e r  i s  assumed t o  be l i n e a r  and tempera ture  i n s e n s i t i v e ,  a 
b i l i n e a r ,  tempera ture  dependent s t r e s s - s t r a i n  cu rve  i s  used t o  model m a t r i x  
behav io r .  Both o f  these assumpt ions a r e  f a i r  app rox ima t ions  o f  a c t u a l  t e n s i l e  
d a t a  f o r  t h e  f i b e r  and m a t r i x .  An e m p i r i c a l  f i t  o f  s t r e s s  r e l a x a t i o n  d a t a  for 
t h e  m a t r i x  a l l o y ,  f i g u r e  1 1 ,  was used t o  p r e d i c t  t i m e  dependent composi te  
behav io r  a t  550 "C.  A s  n e g l i g i b l e  r e l a x a t i o n  was observed a t  300 "C, t h e  
ana lyses  i gno red  t h e  e f f e c t  o f  c reep a t  t h i s  tempera ture .  L i n e a r  i n t e r p o l a -  
t i o n  was used t o  p r e d i c t  r e l a x a t i o n  r a t e s  a t  tempera tures  between these two 
e x t r e m e s .  , 

The rma l l y  Generated Res idua l  S t r e s s e s  

Before one can t r a c k  t h e  f i b e r ,  m a t r i x ,  and composi te  s t r e s s e s  i n  f a t i g u e  
t e s t s ,  an i n i t i a l  e s t i m a t e  of t h e  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  i s  needed. 
Assuming t h e  composi te  i s  s t r e s s  f r e e  a t  t h e  c o n s o l i d a t i o n  tempera ture ,  on 
c o o l i n g  t o  room tempera ture  a t e n s i l e  s t r e s s  s t a t e  w i l l  deve lop  i n  t h e  m a t r i x ,  
as t h e  thermal  expansion c o e f f i c i e n t  o f  t h e  m a t r i x  i s  a lmost  t w i c e  t h a t  o f  the  
f i b e r .  The f i b e r  must i n  t u r n  deve lop  a compress ive s t r e s s  s t a t e  t o  c o u n t e r a c t  
t he  m a t r i x  s t r e s s e s .  When t h e  composi te  i s  aged a t  593 "C f o r  2 4  h r ,  t h e  
r e s i d u a l  s t resses  a r e  g r e a t l y  reduced by  t h e  r i s e  i n  tempera ture  and m a t r i x  
creep.  I n  f a c t ,  t h e  r e s i d u a l  s t r e s s e s  i n  t h e  composi te  a r e  l i k e l y  to  be very 
smal l  near the  end o f  t h e  a g i n g  hea t  t r e a t m e n t .  

I An upper bound for these s t r e s s e s  can be o b t a i n e d  by u s i n g  t h e  TCCM code 
and i g n o r i n g  any r e l a x a t i o n  e f f e c t s  up t o  t h e  b e g i n n i n g  o f  t h e  2 4  h r  age. 
s p e c i f i c a l l y ,  t h e  TCCM code was r u n  assuming t h e  f o l l o w i n g  thermal  h i s t o r y .  

More 
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The composi te  i s  assumed i n i t i a l l y  s t r e s s  f r e e  a t  1000 "C.  The composi te  i s  
then  coo led  t o  room tempera ture  i n s t a n t a n e o u s l y .  Then, t h e  composi te  i s  heated  
t o  593 "C i n s t a n t a n e o u s l y  and h e l d  a t  593 "C f o r  24 h r .  The r e s u l t i n g  r e s i d u a l  
s t r e s s  d i s t r i b u t i o n s  a t  room tempera ture ,  a t  593 "C a t  t h e  b e g i n n i n g  o f  t h e  
age, and 593 "C near  t h e  end of' t h e  age, a r e  p resen ted  i n  f i g u r e  1 2 .  Whi le  t h e  
peak s t r e s s e s  i n  t h e  composi te  a r e  q u i t e  l a r g e  a t  20 "C a f t e r  coo l  down from 
1000 "C,  near  t h e  end o f  t h e  593 "C age, t h e  peak s t r e s s e s  a r e  l e s s  t h a n  
15 MPa i n  the  m a t r i x  and about  -30 MPa i n  t h e  f i b e r .  R e c a l l i n g  t h a t  these a r e  
upper bounds, i t  i s  reasonab le  t o  assume t h e  composi te  i s  s t r e s s  f r e e  a t  593 " C  
near t h e  end o f  t h e  age. A l though  t h e  r e s i d u a l  s t r e s s e s  a r e  n e g l i g i b l e ,  t h i s  
does n o t  mean t h e r e  i s  no damage a t  t h i s  p o i n t  i n  t ime .  The l a r g e  t e n s i l e  
s t resses  encountered  a t  room tempera ture  c o u l d  produce c r a c k i n g .  From a s t r e s s  
s t a n d p o i n t ,  r a d i a l  c r a c k i n g  a t  t h e  f i b e r  m a t r i x  i n t e r f a c e  i s  most l i k e l y  s i n c e  
t h e  l a r g e s t  t e n s i l e  s t r e s s ,  S t ,  i s  f ound  a t  t h i s  l o c a t i o n .  Format ion  of c racks  
w i l l ,  o f  course,  depend on o t h e r  f a c t o r s  a l s o ,  such as t h e  s t r e n g t h  o f  t h e  
m a t r i x  and i n t e r f a c e .  

A f t e r  ag ing ,  t h e  composite! i s  coo led  t o  room tempera ture  and subsequen t l y  
rehea ted  t o  t h e  t e s t  tempera ture .  A s  b e f o r e ,  a t e n s i l e  s t r e s s  s t a t e  i s  p ro -  
duced i n  t h e  m a t r i x  as t h e  composi te  i s  coo led  from 593 "C t o  room tempera ture .  
When the  composi te  i s  hea ted  t o  t h e  t e s t i n g  tempera ture ,  t h e  magni tude o f  t h e  
r e s i d u a l  s t r e s s e s  i s  reduced.  Assuming a 5 "C/sec h e a t i n g  and c o o l i n g  r a t e ,  
t h e  TCCM code was used to t r a c k  t h e  r e s i d u a l  s t r e s s e s .  The f i n a l  s t r e s s  d i s -  
t r i b u t i o n s  a t  t h e  a p p r o p r i a t e  t e s t  tempera tures  a r e  p resen ted  i n  f i g u r e  13. A t  
300 "C t h e  a x i a l  s t r e s s  l e v e l  i n  t h e  m a t r i x  i s  83 MPa, w h i l e  t h a t  o f  t h e  f i b e r  
i s  -165 MPa. The t r a n s v e r s e  st : resses genera ted  by  tempera ture  changes a r e  a l s o  
s i g n i f i c a n t .  I n  f a c t ,  t h e  l a r g e s t  m a t r i x  s t r e s s  i s  f ound  i n  t h e  t a n g e n t i a l  
s t r e s s  d i s t r i b u t i o n ,  which peaks a t  105 MPa a t  t h e  f i b e r - m a t r i x  i n t e r f a c e .  A t  
550 "C t h e  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  o f  t h e  composi te  i s  n e a r l y  z e r o  i n  a l l  
d i r e c t i o n s ,  due i n  l a r g e  p a r t  t o  t h e  i n c r e a s e  i n  tempera tu re .  

F a t i g u e  A n a l y s i s  

A n a l y s i s  o f  t h e  t e n s i l e  t e s t s  and f a t i g u e  c y c l e s  were r u n  u s i n g  t h e  MCCM 
code and the  s t a r t i n g  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s  o b t a i n e d  above. 

A t  300 "C, t h e  p r e d i c t e d  composi te  behav io r  on l o a d i n g  i n  a t e n s i l e  t e s t  
t o  0.85 p e r c e n t  s t r a i n ,  t h e  e x p e r i m e n t a l l y  measured f r a c t u r e  s t r a i n ,  i s  p l o t t e d  
i n  f i g u r e  14. The exper imen ta l  s t r e s s  s t r a i n  d a t a  i s  a l s o  shown for  compara- 
t i v e  purposes.  Composite behav io r  i s  t o t a l l y  e l a s t i c  up t o  0.65 p e r c e n t  
s t r a i n .  A t  t h i s  p o i n t ,  t h e  a x i a l  s t r e s s  i n  t h e  m a t r i x  and f i b e r  i s  724 and 
2096 MPa r e s p e c t i v e l y .  F u r t h e r ,  t h e  comb ina t ion  o f  a x i a l  and t r a n s v e r s e  
s t r e s s e s  i n  t h e  m a t r i x  s a t i s f y  t h e  von Mises y i e l d i n g  c r i t e r i o n ,  and s t r a i n s  
above 0.65 p e r c e n t  produce p l a s t i c  f low i n  t h e  m a t r i x .  A s  a r e s u l t ,  t h e  
i n c r e a s e  i n  m a t r i x  s t r e s s e s  i s  l i m i t e d ,  and a t  t h e  f a i l u r e  s t r a i n ,  0.85 pe r -  
cen t ,  t h e  m a t r i x  s t r e s s ,  Sz ,  i nc reases  by  o n l y  34 MPa t o  758 MPa. I n  compari- 
son, t h e  f i b e r  s t r e s s ,  Sz,  has i nc reased  some 654 MPa t o  2750 MPa. U n l i k e  
thermal  s t r a i n s ,  t h e  a p p l i c a t i o n  o f  mechanica l  s t r a i n s  does n o t  produce dra-  
m a t i c  changes i n  t h e  t r a n s v e r s e  s t r e s s  d i s t r i b u t i o n .  A t  0 .85 p e r c e n t  s t r a i n  
the  t r a n s v e r s e  s t r e s s e s  i n  t h e  f i b e r  a r e  s t i l l  o n l y  -84 MPa. The t r a n s v e r s e  
s t r e s s  d i s t r i b u t i o n  i n  t h e  m a t r i x  a l s o  show p r o p o r t i o n a t e l y  sma l l  i n c r e a s e s .  

The computed a x i a l  s t r e s s  h i s t o r i e s  f o r  t h e  f i b e r ,  m a t r i x ,  and composi te  
a re  summarized i n  f i g u r e  15 for  f a t i g u e  c y c l e s  a t  300 "C. The a n a l y s i s  o f  t h e  
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300 "C f a t i g u e  c y c l e  a t  low s t r e s s e s  i s  s imp le  as t h e  s t r e s s e s  i n  a l l  c o n s t i t u -  
en ts  remain e l a s t i c ,  as suggested from t h e  exper imen ta l  h y s t e r e s i s  l oops .  For 
example, i n  a t e s t  where t h e  composi te  s t r e s s  i s  c y c l e d  between 0 and 710 MPa, 
the  a x i a l  s t r e s s  o f  t h e  m a t r i x  i s  f ound  t o  c y c l e  between 83 and 470 MPa, w h i l e  
t h a t  o f  t h e  f i b e r  i s  found t o  c y c l e  between -165 and 1205 MPa. The minimum 
s t resses  o f  the  f i b e r  and m a t r i x  a r e  nonzero because r e s i d u a l  s t r e s s e s  a r e  
p resen t  a t  the  s t a r t  of t h e  t e s t .  F u r t h e r ,  t h e  s t r e s s  amp l i t udes  genera ted  i n  
c y c l e  one remain c o n s t a n t  i n  subsequent c y c l e s .  
h i g h e r  s t r e s s  ranges where t h e  f low s t r e s s  o f  t h e  m a t r i x  i s  exceeded. 
s t r e s s  range o f  1345 MPa, t h e  i n i t i a l  c y c l e  produces an i n e l a s t i c  s t r a i n  o f  
0.043 p e r c e n t  as m a t r i x  f low occu rs  on l o a d i n g  b u t  t o t a l l y  e l a s t i c  behav io r  i s  
observed on un load ing .  Subsequent c y c l e s  a r e  t o t a l l y  e l a s t i c  and r e t r a c e  t h e  
un load ing  l i n e  f o r  c y c l e  one, t h i s  i s  c o n s i s t e n t  w i t h  exper imen ta l  measure- 
ments. Flow o f  the  m a t r i x  a l t e r s  t h e  d i s t r i b u t i o n  o f  s t r e s s  between f i b e r  and 
m a t r i x .  The f i b e r  s t r e s s ,  S , ,  s t a r t s  a t  -165 MPa r i s e s  t o  a peak o f  2580 MPa 
a t  maximum l o a d  and then drops  t o  -15 MPa a t  z e r o  l o a d .  The m a t r i x  s t r e s s  
s t a r t s  a t  83 MPa r i s e s  to  a peak o f  750 MPa a t  maximum l o a d  and t h e n  drops t o  
8 MPa a t  z e r o  l o a d .  I n  subsequent c y c l e s  t h e  f i b e r  and m a t r i x  s t r e s s e s  con- 
t i n u e  t o  c y c l e  between these a l t e r e d  va lues .  A s  was t h e  case f o r  t h e  t e n s i l e  
a n a l y s i s ,  t h e  change i n  t h e  t r a n s v e r s e  s t r e s s  d i s t r i b u t i o n  i s  q u i t e  s m a l l .  

These r e s u l t s  change a t  
For a 

A t  550 "C,  t h e  p r e d i c t e d  composi te  behav io r  on l o a d i n g  i n  a t e n s i l e  t e s t  
t o  0.85 p e r c e n t ,  t h e  e x p e r i m e n t a l l y  measured f r a c t u r e  s t r a i n ,  i s  p l o t t e d  i n  
f i g u r e  16. The exper imen ta l  s t r e s s  s t r a i n  d a t a  i s  a l s o  shown for  compara t ive  
purposes.  U n l i k e  t h e  300 " C  t e n s i l e  cu rve ,  a smal l  n o n l i n e a r  response assoc i -  
a t e d  w i t h  m a t r i x  c reep i s  observed b e f o r e  t h e  o n s e t  o f  m a t r i x  f low. A s  t h e  
t r a n s v e r s e  s t r e s s e s  a r e  v e r y  smal l  a t  550 "C, m a t r i x  flow occu rs  when t h e  a x i a l  
s t r e s s  i n  t h e  m a t r i x  reaches 450 MPa, t h e  assumed y i e l d  s t r e n g t h  o f  t h e  m a t r i x .  
Cont inued l o a d i n g  o u t  t o  t h e  f r a c t u r e  s t r a i n  i nc reases  t h e  m a t r i x  s t r e s s  o n l y  
33 MPa t o  483 MPa, w h i l e  t h e  f i b e r  s t r e s s  i nc reases  some 696 MPa, from a low 
o f  2200 MPa a t  t h e  onse t  o f  m a t r i x  f low t o  a h i g h  o f  2896 MPa a t  f a i l u r e .  

The f a t i g u e  a n a l y s i s  a t  550 "C i s  much more comp l i ca ted  than  t h a t  a t  
300 " C  due t o  the  n o n l i n e a r  s t r e s s - s t r a i n  behav io r  and i s  i l l u s t r a t e d  i n  f i g -  
u r e  1 7 .  A t  a composi te  s t r e s s  range o f  o n l y  655 MPa t h e  i n i t i a l  c y c l e  produces 
a t e n s i l e  i n e l a s t i c  s t r a i n  o f  0.02 p e r c e n t .  A t  t h i s  s t r e s s  range,  t h e  i n e l a s -  
t i c  s t r a i n  i s  produced by  m a t r i x  c reep n o t  m a t r i x  p l a s t i c i t y .  Subsequent 
c y c l e s  show an i n e l a s t i c  s t r a i n  o f  dec reas ing  magni tude.  A s  a r e s u l t  t h e  mean 
s t r a i n  l e v e l  o f  t h e  composi te  i nc reases  as shown i n  f i g u r e  17(a) .  By c y c l e  100 
the  s t r e s s - s t r a i n  behav io r  o f  t h e  composi te  becomes l i n e a r  and t h e r e  i s  no f u r -  
t h e r  i nc rease  i n  mean s t r a i n .  T h i s  i s  i n  good agreement w i t h  exper imen ta l  
o b s e r v a t i o n s .  The change i n  t h e  a x i a l  s t r e s s  l e v e l  o f  t h e  f i b e r  and m a t r i x  
d u r i n g  t h i s  p e r i o d  i s  p l o t t e d  i n  f i g u r e  17(b) .  A s  seen he re ,  t h e  maximum f i b e r  
s t r e s s  r i s e s  w h i l e  t h e  maximum m a t r i x  s t r e s s  drops  i n  t h e  f i r s t  100 c y c l e s .  
For a s t r e s s  range o f  1069 MPa t h e  f a t i g u e  a n a l y s i s  i s  even more complex as 
p l a s t i c  f low o f  the  m a t r i x  occu rs  d u r i n g  t h e  i n i t i a l  l o a d i n g .  
o f  m a t r i x  p l a s t i c i t y  and c reep produce an i n e l a s t i c  s t r a i n  o f  0.04 p e r c e n t  on 
un load ing .  
i n  subsequent c y c l e s ,  t h e  n o n l i n e a r i t y  i s  a s s o c i a t e d  w i t h  m a t r i x  c reep,  n o t  
m a t r i x  p l a s t i c i t y .  A s  b e f o r e ,  t h e  magni tude o f  t h i s  i n e l a s t i c  s t r a i n  d im in -  
i shes  w i t h  each success ive  c y c l e s ,  and by  c y c l e  100 composi te  s t r e s s - s t r a i n  
behav io r  i s  e s s e n t i a l l y  l i n e a r ,  as observed e x p e r i m e n t a l l y .  The mean s t r a i n  
l e v e l  o f  t h e  composi te  i s  shown i n  f i g u r e  18 a l o n g  w i t h  t h e  f i b e r  s t r e s s  and 
t h e  m a t r i x  s t r e s s .  A l though  l a r g e r ,  t h e  change i n  mean s t r a i n ,  f i b e r  s t r e s s ,  
and m a t r i x  s t r e s s ,  i s  v e r y  s i m i l a r  to  t h a t  observed a t  t h e  l ower  s t r e s s  range 

The combina t ion  

A l though n o n l i n e a r  behav io r  p roduc ing  i n e l a s t i c  s t r a i n  i s  observed 

I ( f i g .  17) .  
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The above calculations largely confirm the validity of the strain-based 
fatigue life comparison between the composite and the matrix alloy presented 
in figure 9. The CCM analysis shows that the matrix stress state in the com- 
posite approximates the zero-tension stress state of the matrix alloy at 
300 "C, and at 550 "C the same can be said of the tension-compression stress 
state of the matrix alloy. However, the matrix stress state in the composite 
only approaches a uniaxial condition, as small but nonnegligible transverse 
stresses exist in the composite. Further, at 300 "C the axial stress of the 
matrix within the composite only approaches the zero-tension condition of the 
matrix alloy fatigue tests as; the initial residual stress distribution favors 
a tension-tension condition ait lower stress ranges (fig. 15). 

As previously stated, the fatigue life of the composite is less than that 
of the matrix alloy on a stain basis (fig. 9 ) .  At 300 "C the life difference 
is about a factor of five, and at 550" and stresses less than 1000 MPa the 
life difference is about two orders of magnitude. These observations suggest 
that the matrix does not control the fatigue life of the composite in and by 
itself. Further, as fatigue-related failures in ceramics are rare, a fiber 
dominated failure scenario would also seem unlikely at low stress ranges. 
Thus, one might conclude that a complex failure process involving the matrix, 
the fibers, and the interface is life limiting. In fact, metallographic and 
fractographic evidence for a fatigue failure process of crack initiation at 
the fiber-matrix interface followed by crack propagation through the matrix is 
presented in a publication submitted to "Journal of Composite Materials". The 
details of this process are not well understood at this time, and it would 
appear that this is an important area requiring additional research. Key fac- 
tors to be considered include the role of fiber flaws on interfacelmatrix crack 
initiation, the effect of fibers on matrix crack propagation, interaction 
between individual cracks, as well as multiaxiality and residual stress effects 

At 550 "C and stresses greater than 1000 MPa, the life of the composite 
appears to be controlled by the fibers. The CCM analysis has shown that 
the fiber stress approaches the fibers' ultimate strength quite rapidly 
(fig. 18). Although the kinetics of this process are controlled by the creep 
behavior of the matrix alloy, ultimate failure probably occurs when the tensile 
strength of weaker fibers is exceeded. 

CONCLUSIONS 

The isothermal fatigue behavior of a unidirectional SiC/Ti-15-3 composite 
and the Ti-15-3 matrix alloy were studied at 300 and 550 "C. A summary of the 
findings follow: 

1 .  The cyclic stress-strain response of the composite and the matrix alloy 
was relatively stable at 300 "C. However, at 550 "C, an initial increase in 
mean strain was observed during the first 100 cycles for load-controlled, com- 
posite fatigue tests. For strain-controlled matrix alloy fatigue tests, the 
mean stress rapidly approached zero at 550 " C .  

2. Although the fatigue life of the composite exceeded that of the matrix 
alloy on a stress basis, the fatigue life o f  the matrix alloy exceeded that of 
the composite on a strain basis. 
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3 .  The Concent r i c  C y l i n d e r  Model (CCM) thermal  s t r e s s  a n a l y s i s  has shown 
t h a t  a l a r g e  and p o t e n t i a l l y  damaging m u l t i a x i a l  s t r e s s  f i e l d  i s  genera ted  i n  
t h e  composi te upon c o o l i n g  down from t h e  f a b r i c a t i o n  tempera ture .  These 
s t r e s s e s  a r e  e l i m i n a t e d  by m a t r i x  creep d u r i n g  t h e  593 "C  age, b u t  a r e  p a r -  
t i a l l y  regenera ted  on c o o l i n g .  The t h e r m a l l y  generated r e s i d u a l  s t r e s s  f i e l d  
i s  n e g l i g i b l e  i n  b o t h  c o n s t i t u e n t s  a t  550 "C,  b u t  a s i g n i f i c a n t  t e n s i l e  s t r e s s  
f i e l d  e x i s t s  i n  t h e  m a t r i x  counterba lanced by a compressive s t r e s s  f i e l d  i n  
t h e  f i b e r  a t  300 " C .  

4 .  The CCM s t r e s s  a n a l y s i s  o f  t h e  f a t i g u e  c y c l e s  has shown t h a t  t h e  s t r e s s  
response i n  t h e  f i b e r  and m a t r i x  i s  l a r g e l y  u n i a x i a l  as t r a n s v e r s e  s t r e s s e s  
show l i t t l e  change. A long t h e  f i b e r  d i r e c t i o n ,  t h e  mean s t r e s s  i n  t h e  m a t r i x  
and f i b e r  i s  r e l a t i v e l y  s t a b l e  a t  300 " C ;  however, a t  550 "C ,  m a t r i x  c reep 
a l l o w s  t h e  mean s t r e s s  i n  t h e  m a t r i x  t o  approach zero ,  w h i l e  t h a t  i n  t h e  f i b e r  
must r i s e  t o  m a i n t a i n  t h e  a x i a l  f o r c e  ba lance.  

I n  conc lus ion ,  t h e  exper imenta l  d a t a  and t h e  CCM s t r e s s  a n a l y s i s  suggest  
t h a t  t h e  m a t r i x  does n o t  c o n t r o l  t h e  f a t i g u e  l i f e  o f  t h e  composi te  i n  and by 
i t s e l f .  A t  550 " C  and h i g h  s t r e s s  ranges,  a f i be r -domina ted  f a i l u r e  s c e n a r i o  
i s  p l a u s i b l e  due t o  t h e  gradua l  r i s e  i n  f i b e r  s t r e s s .  A t  300 " C  and lower 
s t r e s s  ranges a t  550 " C ,  an i n t e r f a c e  c r a c k  i n i t i a t i o n / m a t r i x  c r a c k  propaga- 
t i o n  mechanism i s  t hough t  t o  l i m i t  f a t i g u e  l i f e  o f  t h e  composi te .  
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APPENDIX 

Expansion c o e f f i c i e n t  

300 "C Modulus 
550 "C Modulus 

300 "C Y i e l d  p o i n t  
550 "C Y i e l d  p o i n t  

P o i s s o n ' s  r a t i o  

l -  

I 

4 . 9 ~ 1 0 - ~  C-' 9 . 0 ~ 1 0 - 6  C- l  
0 .25 0.35 

350 GPa 100 GPa 
350 GPa 75 GPa 

700 MPa 
450 MPa 

------------ 
------------ 

The p r o p e r t i e s  of t h e  f i b e r  and m a t r i x  used i n  t h e  CCM a n a l y s i s  a r e  
p r e s e n t  below. Note t h a t  a l l  f i b e r  p r o p e r t i e s  a r e  taken  t o  be independent  o f  
tempera ture .  

~~~~ 

P r o p e r t y  I F i b e r  M a t r i x  I I 

L I I I 

Upon y i e l d i n g  t h e  tangen t ,  modu l i  o f  t h e  m a t r i x  was taken t o  be 15 GPa a t  
e i t h e r  tempera ture .  A l i s t i n g  o f  t h e  two B A S I C  codes used i n  t h i s  a n a l y s i s  
TCCM and MCCM, a r e  p resen ted  on t h e  f o l l o w i n g  pages. Bo th  codes were r u n  on 
an IBM A T  computer u s i n g  t h e  GW-BASIC i n t e r p r e t e r  ( v e r s i o n  3 .20) .  Note t h a t  
t h e  cons tan ts  i n  these codes a r e  expressed i n  E n g l i s h  u n i t s  ( K S I  and O F > ,  and 
i n  MCCM, t h e  mechanica l  p r o p e r t i e s  shown a r e  those for  a 550 "C a n a l y s i s .  
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10 REM THERMAL/RELAXATION CONCENTRIC CYLINDER MODEL (TCCM) 
20 REM INPUT RESIDUAL STRESS DISTRIBUTION 
30 PI=3.14159 
40 OPEN "I",#l,"RESID" 
50 FOR 1=1 TO 5 
60 INPUT #l,RSZM(I),RSRM(I),RSTM(I) 
70 NEXT I 
80 INPUT #l,RSZF,RSRF,RSTF,TEZ,TEMP,TIM,HO 
90 CLOSE #1 
100 PRINT "PREVIOUS TEMPERATURE( F) WAS";TEMP 
110 LPRINT "PREVIOUS TEMPERATURE(F) WAS";TEMP 
120 REM INPUT PROPERTIES OF FIBER(F) AND MATRIX(M) 
130 REM TEMPERATURE INDEPENDENT ELASTIC CONSTANTS 
140 EF=50000!:VF=.25:VM=.35 
150 REM RADIAL LOCATION OF BOUNDARIES 
160 RF=.57:RM=1! 
170 RP(l)=RF 
180 RP(2)=.7 
190 RP(3)=.82 
200 RP(4)=.91 
210 RP(5)=RM 
220 REM COEFFICIENTS OF EXPANSION 
230 AF=.0000027:AM=.000005 
240 REM INPUT CHANGE IN TEMPERATURE(DT) 
250 INPUT "DT (ENTER 0 TO ST0P)";DT 
260 TEMP=TEMP+DT/2! 
270 IF DT=O THEN 2280 
280 REM GENERATE SYSTEM OF EQUATIONS FOR THERMAL PROBLEM [A]x[X]=[B) 
290 REM UNKNOWNS [XI ARE ClF, ClM, C2M, AND EZ (C2F=O) 
300 REM WHERE THE RADIAL DISPLACEMENT U=Cl*R+C2/R^2 AND EZ=AXIAL STRAIN 
310 REM STIFFNESS CONSTANTS FOR PLANE STRAIN (EZ IS CONSTANT) 
320 REM CHECK FOR FLOW IN MATRIX 
330 EFS=( RSZM( 3)-RSRM(3))-2+( RSRM(3)-RSTM(3))-2 
340 EFS=.707*( EFS+( RSTM( 3)-RSZM( 3))-2)-.5 
350 YS=152.5-(35/400)*TEMP+HO 
360 IF YS<lO THEN YS=10 
370 IF EFS<YS THEN FLOW=O:GOTO 450 
380 PRINT "MATRIX FLOW DETECTED! EFS, YS=";EFS;YS 
390 REM FLOW=O ELASTIC BEHAVIOR 
400 REM FLOW=1 ELASTIC BEHAVIOR WITH PRIOR HARDENING 
410 REM FLOW=2 PLASTIC BEHAVIOR WITH PRIOR HARDENING 
420 INPUT "FLOW(O=E, l=E&H, 2=P&H)";FLOW 
430 IF FLOW>O THEN HO=HO+EFS-YS 
440 PRINT "EFS,YS=";EFS;YS 
450 REM CALCULATE MATRIX STIFFNESS CONSTANTS AEM & AVM 
460 IF FLOW=2 THEN AEM=2300:AVM=.49 
470 IF FLOW<2 THEN AEM=185U0-(300U/400)*T€MP:AVM=VM 
480 IF AEM>14000 THEN AEM=14000 
490 PRINT "AEM, AVM=";AEM,AVM 
500 KlF=EF*( l-VF)/( (l+VF)*( 1-2*VF) ) 
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510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
7 60 
770 
780 
790 
800 
810 

KlM=AEM*(l-AVM)/((l+AVM)*(l-Z*AVM)) 
KZF=VF*KlF/(l-VF) 
K2M=AVM*KlM/(l-AVM) 
KTF=KlF*(l+VF)/(l-VF) 
KTM=KlM*(l+AVM)/(l-AVM) 
REM GENERATE [A] MATRIX 
REM UM=UF AT R=RF IS THE BASIS OF EQUATION 1 
A( 1,1)=RF 
A(1,2)=-RF 
A(1,3)=-1/RF 
A (  1,4)=0 
REM THE RADIAL STRESS SRM=O AT R=RM IS THE BASIS OF EQUATION 2 
A( 2,1)=0 
A(2,2)=KlM+KZM 
A( 2,3)=( KZM-KlM)/RM-Z 
A(2,4)=K2M 
REM SRM=SRF AT R=RF IS THE BASIS OF EQUATION 3 
A(3,1)=-KlF-K2F 
A(3,2)=KlM+K2M 
A ( 3,3)=( K2M-K1M) /RF-2 
A(3,4)=KZM-K2F 
REM BALANCE OF FORCES SZM+SZF=O IS THE BASIS OF EQUATION 4 
A(4,1)=2*RF-Z*KZF 
A(4,2)=2*( RM-Z-RF-Z)*KZM 
A( 4,3) =O 
A( 4,4)=RM^2*KlM-RF-2*KlM+RF^2"K1F 
REM GENERATE [B] MATRIX 
B(l)=O 
B ( 2 j =KTM*AM*DT 
B(3)=(AM*KTM-AF*KTF)*DT 
B ( 4)=( KTF*AF*RF-2+KTM*AM* ( RM-2-RF-2) ) *DT 

820 REM TRIANGULARIZE SYSTEM OF LINEAR EQUATIONS 
830 FOR 1=1 TO 3 
840 FOR J=I+1 TO 4 
850 XX=A(J,I)/A(I,I) 
860 FOR K=I+1 TO 4 
870 A(J,K)=A(J,K)-A(I,K)*XX 
880 NEXT K 
890 B(J)=B(J)-B(I)*XX 
900 NEXT J 
910 NEXT I 
920 REM SOLVE BY BACKWARD SUBSTITUTION 
930 X(4)=B(4)/A(4,4) 
940 FOR I=3 TO 1 STEP -1 
950 DUM=O 
960 FOR J=I+1 TO 4 
970 DUM=DUM+A( I ,  J)*X( J) 
980 NEXT J 
990 X(I)=(B(I)-DUM)/A(I,I) 
1000 NEXT I 
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1010 REM CALCULATE STRESSES(Si,j) AND STRAINS(Ei,j) 
1020 REM WHERE i IS A PRINCIPAL DIRECTION AND j IS A COMPONENT 
1030 REM ER=Cl-CZ/R-Z AND ET=U/R=Cl+CZ/R-Z 
1040 ClF=X(l) 
1050 ClM=X(2) 
1060 C2M=X(3) 
1070 EZ=X(4) 
1080 REM CALCULATE MATRIX STRAINS AND STRESSES 
1090 FOR 1=1 TO 5 
1100 R=RP(I) 
11 10 ERM=C lM-C2M/R -2 
1120 ETM=CIM+CZM/R~ 
1130 EZM=EZ 
1140 SRM=KlM*ERM+KZM*ETM+KZM*EZM-KTM*AM*DT 
1150 STM=KlM*ETM+KZM*ERM+KZM*EZM-KTM*AM*DT 
1160 SZM=KlM*EZM+K2M*ERM+KZM*ETM-KTM*AM*DT 
1170 RSZM(I)=RSZM(I)+SZM 
1180 RSRM(I)=RSRM(I)+SRM 
1190 RSTM(I)=RSTM(I)+STM 
1200 PRINT "SZ, SR, ST ARE AT R="; 
1210 PRINT USING "#.##";R 
1220 PRINT USING I' ##.##----";RSZM( I) ,RSRM( I) ,RSTM( I) 
1230 NEXT I 
1240 REM CALCULATE FIBER STRAINS AND STRESSES 
1250 R=RF 
1260 ERF=ClF 
1270 ETF=ClF 
1280 EZF=EZ 
1290 SRF=KlF*ERF+KZF*ETF+KZF*EZF-KTF*AF*DT 
1300 STF=KlF*ETF+K2F"ERF+KZF*EZF-KTF*AF*DT 
1310 SZF=KlF*EZF+KZF*ERF+KZF*ETF-KTF*AF*DT 
1320 RSZF=RSZF+SZF 
1330 RSRF=RSRF+SRF 
1340 RSTF=RSTF+STF 
1350 TEZ=TEZ+EZ 
1360 PRINT "SZ, SR, ST IN FIBER" 
1 3 7 0 P R I NT U S I NG 
1380 REM OUTPUT TEMPERATURE, STRAIN, AND STRESS 

1400 FOR 1=1 TO 4 
1410 AVGS=(RSZM(I)+RSZM(I+1))/2 
1420 AVGL=AVGS*PI*(RP( I+l)-Z-RP( I)-2) 
1430 ZLOAD=ZLOAD+AVGL 
1440 NEXT I 
1450 PRINT "COMPOSITE TEMPERATURE, STRAIN, AND STRESS" 
1460 PRINT TEMP+DT/2!; 
1470 PRINT USING I' # # . # # - - - - I '  -TEZ, ZLOAD/( PI *RM-2) 

1490 LPRINT "COMPOSITE STRAIN, STRESS="; 
1500 LPRINT USING I' ##.##----";TEZ,ZLOAD/( PI*RM-2) 

## . ## - - - - I' ; R S Z F , R S R F , RSTF 

1390 ZLOAD=P I *RF~*RSZF 

1480 LPRINT "TIME, TEMP=~~;TIM~TEMP+DT/Z 
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1510 LPRINT "Z,R,T FIBER STRESSES="; 
1520 LPRINT USING " ##.##----";RSZF, SRF,RSTF 
1530 LPRINT "Z,R,T MATRIX STRESSES="; 
1540 LPRINT USING 'I  ##.##----";RSZM(3) ,RSRM(3) ,RSTM(3) 
1550 REM START OF RELAXATION SUBROUTINE 
1560 REM CALCULATE EXTERNAL LOAD 
1570 PI=3.14159 

1590 FOR 1=1 TO 4 
1600 AVGS=(RSZM(I)+RSZM(I+l))/Z 

1620 ELOAD=ELOAD+AVGL 
1630 NEXT I 
1640 REM INPUT TIME INCREMENT 
1650 INPUT "TIME INCREMENT (0 TO ST0P)";TI 
1660 IF TI=O THEN TEMP=TEMP+DT/Z:GOTO 250 
1670 TIZTI-1 
1680 IF TI<O THEN GOTO 2180 
1690 TIM=TIM+l 
1700 REM ADJUST MATRIX STRESSES 
1710 FOR 1=1 TO 5 
1720 S=RSZM(I) 
1730 GOSUB 2010 
1740 RSZM(I)=S 
1750 S=RSRM(I) 
1760 GOSUB 2010 
1770 RSRM(I)=S 
1780 S=RSTM(I) 
1790 GOSUB 2010 
1800 RSTM(I)=S 
1810 NEXT I 
1820 REM ADJUST TRANSVERSE FIBER STRESSES 
1830 RSRFO=RSRF 
1840 RSRF=RSRM(l) 
1850 RSTF=RSRF 
1860 REM CALCULATE LOAD CARRIED BY FIBER 
1870 MLOAD=O 
1880 FOR 1=1 TO 4 
1890 AVGS=(RSZM(I)+RSZM(I+1))/2 
1900 AVGL=AVGS*PI*( RP( I+l)-Z-RP( I)-2) 
1910 MLOAD=MLOAD+AVGL 
1920 NEXT I 
1930 FLOADzELOAD-MLOAD 
1940 RSZFO=RSZF 
1950 REM ADJUST Z STRESS OF FIBER 

1970 REM CALCULATE COMPOSITE STRAIN 
1980 EZ=((RSZF-RSZF0)-2*VF*(RSRF-RSRFO))/EF 
1990 TEZ=TEZ+EZ 
2000 GOTO 2080 

1580 ELOAD=P I *RF-Z*RSZF 

1610 AVGL=AVGS*PI*(RP(I+~)-~-RP(I)-Z) 

1960 RSZF=FLOAD/(PI*RF-Z) 

15 



2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 
2460 
2470 
2480 

I 

REM RELAXATION PROCEDURE (1 SECOND RELAXATION) 
IF TEMP<600 THEN DS=O:GOTO 2060 
IF ABS(S)>26.5 THEN DS=ABS(S)/50 ELSE DS=3.76E-07*ABS(S)-4.32 
DS=DS*(TEMP-6OO)/(lO00-600) 
IF S<O THEN DS=-DS 
S=S-DS 
RETURN 
REM OUTPUT STRESSES, TEMPERATURE, AND AXIAL STRAIN 
P R I NT "T I ME= I' ; TI M ; 'I STRA I N=" ; TEZ 
IF TI>O THEN GOTO 1670 
PRINT "FIBER STRESSES(Z,R,T)=";RSZF;RSRF;RSTF 
FOR 1=1 TO 5 
PRINT "MATRIX RADIAL LOCATION=";RP( I )  
PRINT USING 'I ###.##";RSZM(I),RSRM(I),RSTM(I) 
NEXT I 
TEMP=TEMP+DT/2! 
P R I NT "T I ME= I' ; T I M ; "TEMP= I' ; TEMP 
REM END OF RELAXATION SUBROUTINE 
LPRI NT "TIME, TEMP=" ;TIM; TEMP 
LPRINT "COMPOSITE STRAIN, STRESS="; 
LPRI NT US I NG 'I ##. ## - - - - "  ;TEZ , ZLOAD/ (PI *RM-2) 
LPRINT "Z,R,T FIBER STRESSES="; 
LPRINT USING I' ##.##----";RSZF,RSRF,RSTF 
LPRINT "Z,R,T MATRIX STRESSES="; 
LPRINT USING 'I  ##.##----";RSZM(3) ,RSRM(3) ,RSTM(3) 
GOTO 250 
REM OUTPUT RESIDUAL STRESS DISTRIBUTION 
OPEN "0",#1 ,"RESID" 
FOR 1=1 TO 5 
PRINT #l,RSZM(I),RSRM(I),RSTM(I) 
NEXT I 
PRINT #l,RSZF,RSRF,RSTF,TEZ,TEMP,TIM,HO 
CLOSE #1 
INPUT "ENTER 1 TO PRINT STRESSES ELSE O";DUM9 
IF DUM9=O THEN GOTO 2490 
LPRINT I t  I' 

LPRINT "TIME, TEMP, STRAIN, STRESS="; 
LPRINT USING 'I ##. ##- - - - I '  ;TIM; TEMP; TEZ ; ZLOAD/( PI*RM-2) 
LPRINT 'I 'I 

LPRINT "FIBER STRESSES( Z, R ,T )= "  ; 
LPRINT USING I' ###.## ";RSZF;RSRF;RSTF 
LPRINT I' 'I 

LPRINT "MATRIX STRESSES (Z , R ,T) I' 

FOR 1=1 TO 5 
LPRINT "RADIAL POSITION=";RP( I) 
LPRINT USING 'I ###.## ";RSZM(I);RSRM(I);RSTM(I) 
YEXT I 
LPRINT I' 'I 

2490 END 

1 6  



10 REM MECHANICAL/RELAXATION CONCENTRIC CYLINDER MODEL (MCCM) 
20 REM INPUT RESIDUAL STRESS DISTRIBUTION 
30 OPEN "1",#1,"RESID" 
40 FOR 1=1 TO 5 
50 INPUT #l,RSZM(I),RSRM(I),RSTM(I) 
60 NEXT I 
70 INPUT #l,RSZF,RSRF,RSTF,TEZ,TEMP,TIM,HO 
80 CLOSE #1 
90 PRINT "TEMPERATURE( F) 1S";TEMP 
100 REM INPUT PROPERTIES OF FIBER(F) AND MATRIX(M) 
110 REM ELASTIC CONSTANTS 
120 EF=50000!:EM=11000!:VF=.25:VM=.35 
130 REM RADIAL LOCATION OF BOUNDARIES 
140 RF=.57:RM=1! 
150 RP(l)=RF 
160 RP(2)=.7 
170 RP(3)=.82 
180 RP(4)=.91 
190 RP(5)=RM 
200 INPUT "CYCLE, INITIAL STRAIN";CYC,TEZO 
210 LPRINT "CYCLE";CYC 
220 REM APPLIED AXIAL STRAIN EZ 
230 INPUT "EZ AS +/-0.001 OR 0 TO TERM1NATE";EZ 
240 IF EZ=O THEN GOT0 2020 
250 REM GENERATE SYSTEM OF EQUATIONS FOR AN APPLIED STRAIN [A]x[X]=[B] 
260 REM UNKNOWNS [XI ARE ClF, ClM, AND C2M (C2F=O) 
270 REM WHERE THE RADIAL DISPLACEMENT U=Cl*R+C2/R^2 
280 REM STIFFNESS CONSTANTS FOR PLANE STRAIN (EZ  IS CONSTANT) 
290 REM CHECK FOR FLOW IN MATRIX 
300 EFS=( RSZM(3)-RSRM(3))-2+( RSRM(3)-RSTM(3))-2 
310 EFS=.707*( EFS+( RSTM(3)-RSZM(3))-2)-.5 
320 YS=65!+HO 
330 IF EFS<YS THEN FLOW=O:PRINT "EFS, YS=";EFS;YS:GOTO 400 
340 PRINT "MATRIX FLOW DETECTED! EFS, YS=";EFS;YS 
350 REM FLOW=O ELASTIC BEHAVIOR 
360 REM FLOW=I ELASTIC BEHAVIOR WITH PRIOR HARDENING 
370 REM FLOW=2 PLASTIC BEAHVIOR WITH PRIOR HARDENING 
380 INPUT "FLOW ( O=E 1=E&H Z=P&H), EZ" ; FLOW, EZ 
390 IF FLOW>O THEN HO=HO+EFS-YS 
400 REM CALCULATE MATRIX STIFFNESS CONSTANTS AEM & AVM 
410 IF FLOW=2 THEN AEM=2300:AVM=.49 
420 IF FLOW<2 THEN AEM=EM:AVM=VM 
430 PRINT "AEM, AVM=";AEM,AVM 
440 K1F=EF*(1-VF)/((l+VF)*(l-Z*VF)J 
450 KlM=AEM*(l-AVM)/((l+AVM)*(1-2*AVM)) 
460 K2F=VF*KlF/(l-VF) 
470 K2M=AVM*KlM/(l-AVM) 
480 REM GENERATE [A] MATRIX 
490 REM UM=UF AT R=RF IS THE BASIS OF EQUATION 1 
500 A(l,l)=RF 
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510 A(1,2)=-RF 
520 A(1,3)=-1/RF 
530 REM THE RADIAL STRESS SRM=O AT R=RM IS THE BASIS OF EQUATION 2 
540 A(2,1)=0 
550 A(2,2)=KlM+KZM 
560 A(2,3)=(K2M-KlM>/RM-Z 
570 REM SRM=SRF AT R=RF IS THE BASIS OF EQUATION 3 
580 A(3,1)=-KlF-K2F 
590 A(3,2)=KlM+K2M 
600 A(3,3)=(KZM-KlM)/RF-2 
610 REM GENERATE [B] MATRIX 
620 B(1)=0 
630 B(2)=-K2M*EZ 
640 B(3)=(KZF-KZM>*EZ 
650 REM TRIANGULARIZE SYSTEM OF LINEAR EQUATIONS 
660 FOR 1=1 TO 2 
670 FOR J=I+l TO 3 
680 XX=A(J,I)/A(I,I) 
690 FOR K=I+l TO 3 
700 A(J,K)=A(J,K)-A(I,K)*XX 
710 NEXT K 
720 B(J)=B(J)-B(I)*XX 
730 NEXT J 
740 NEXT I 
750 REM SOLVE BY BACKWARD SUBSTITUTION 
760 X(3)=6(3)/A(3,3) 
770 FOR I=2 TO 1 STEP -1 
780 DUM=O 
790 FOR J=I+l TO 3 
800 DUM=DUM+A(I,J)*X(J) 
810 NEXT 3 
820 X(I)=(B(I)-DUM)/A(I,I) 
830 NEXT I 
840 REM CALCULATE STRESSES(Si,j) AND STRAINS(Ei,j) 
850 REM WHERE i IS A PRINCIPAL DIRECTION AND j IS A COMPONENT 
860 REM ER=C1 -CZ/R-2 AND ET=U/R=Cl+C2/R-2 
870 ClF=X(l) 
880 ClM=X(2) 
890 C2M=X(3) 
900 REM CALCULATE MATRIX STRAINS AND STRESSES 
910 FOR 1=1 TO 5 
920 R=RP(I) 

940 ETM=ClM+C2M/R-2 
950 EZM=EZ 
960 SRM=K1MXERM+K2M*ETM+K2M*EZM 
970 STM=KlM*ETM+K2M*ERM+K2M*EZM 
980 SZM=KlM*EZM+K2M*ERM+K2M*ETM 
990 RSZM(I)=RSZM(I)+SZM 
1000 RSRM(I)=RSRM(I)+SRM 

930 ERM=ClM-C2M/R-2 
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1010 RSTM(I)=RSTM(I)+STM 
1020 PRINT "SZ, SR, ST ARE AT R="; 
1030 PRINT USING "#.##";R 
1040 PRINT USING 
1050 NEXT I 
1060 REM CALCULATE FIBER STRAINS AND STRESSES 
1070 R=RF 
1080 ERF=ClF 
1090 ETF=ClF 
1100 EZF=EZ 
1110 SRF=K1FkERF+K2F*ETF+K2F*EZF 
1120 STF=K1FkETF+K2F*ERF+K2F*EZF 
1130 SZF=KlF*EZF+KZF*ERF+K2F*ETF 
1140 RSZF=RSZF+SZF 
1150 RSRF=RSRF+SRF 
1160 RSTF=RSTF+STF 

##.##----";RSZM( I) ,RSRM( I) ,RSTM( I) 

1170 

1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 

1390 

1 iao 

1380 

TEZ=TEZ+EZ 
PRINT " S Z ,  SR, ST :[N FIBER" 
PRINT USING I' ##.##----";RSZF,RSRF,RSTF 
REM OUTPUT TEMPERATURE, STRAIN, AND STRESS 
PI=3.14159 

FOR 1=1 TO 4 
AVGS=(RSZM(I)+RSZM(I+1))/2 
AVGL=AVGS*PI*(RP(I+1)-2-RP(I)-2) 
ZLOAD=ZLOAD+AVGL 
NEXT I 
PRINT "COMPOSITE TEMPERATURE, STRAIN, AND STRESS" 
PRINT TEMP; 
PRINT USING I' ##.##----";TEZ,ZLOAD/( PI*RM-2) 
REM RELAX STRESSES 
REM CALCULATE EXTERNAL LOAD 
PI=3.14159 
ELOAD=P I *RF-2*RSZF 
FOR 1=1 TO 4 
AVGS=(RSZM(I)+RSZM(I+1))/2 
AVGL=AVGS*PI*(RP(I+1)-2-RP(I)-Z) 
ELOAD=ELOAD+AVGL 
NEXT I 

ZLOAD=PI*RF~*RSZF 

1400 REM INPUT TIME INCREMENT(T1 SET FOR 0.001 PER SECOND) 
1410 TI=lOOO*ABS(EZ) 
1420 TIM=TIM+TI 
1430 REM ADJUST MATRIX STRESSES 
1440 FOR 1=1 TO 5 
1450 S=RSZM(I) 
1460 GOSUB 1740 
1470 RSZM(I)=S 
1480 S=RSRM(I) 
1490 GOSUB 1740 
1500 RSRM(I)=S 
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1510 S=RSTM(I) 
1520 GOSUB 1740 
1530 RSTM(I)=S 
1540 NEXT I 
1550 REM ADJUST TRANSVERSE FIBER STRESSES 
1560 RSRFO=RSRF 
1570 RSRF=RSRM(l) 
1580 RSTF=RSRF 
1590 REM CALCULATE LOAD CARRIED BY FIBER 
1600 MLOAD=O 
1610 FOR 1=1 TO 4 
1620 AVGS=(RSZM(I)+RSZM(I+l))/Z 
1630 AVGL=AVGS*PI*(RP(I+1)-2-RP(I)-2) 
1640 MLOAD=MLOAD+AVGL 
1650 NEXT I 
1660 FLOADzELOAD-MLOAD 
1670 RSZFO=RSZF 
1680 REM ADJUST Z STRESS OF FIBER 

1700 REM CALCULATE COMPOSITE STRAIN 
1710 EZ=((RSZF-RSZFO)-2*VF*(RSRF-RSRFO))/EF 
1720 TEZ=TEZ+EZ 
1730 GOT0 1790 
1740 REM RELAXATION SUBROUTINE 
1750 IF ABS(S)>26.5 THEN DS=ABS(S)/50 ELSE DS=3.76E-07*ABS(S)-4.32 
1760 IF S<O THEN DS=-DS 
1770 S=S-DS*TI 
1780 RETURN 
1790 REM OUTPUT STRESSES, TEMPERATURE, AND AXIAL STRAIN 
1800 FOR 1=1 TO 5 
1810 PRINT "SZ, SR, ST ARE AT R="; 
1820 PRINT USING "#.##";R( I) 
1830 PRINT USING 
1840 NEXT I 
1850 PRINT "SZ, SR, ST IN FIBER" 

1870 PRINT "COMPOSITE TEMPERATURE, STRAIN, AND STRESS" 
1880 PRINT TEMP; 
1890 PRINT USING ' I i  ##.##----";TEZ,ELOAD/( PI*RM-Z) 
1940 LPRINT "TIME, TEMP, STRAIN, STRESS" 
1950 LPRINT USING 'I ##.##----".TIM,TEMP ,TEZ,ELOAD/( PI*RM-2) 
1960 LPRINT "FIBER STRESSES(Z,i,T)" 
1970 LPRINT USING ###.## ";RSZF,RSRF,RSTF 
1980 LPRINT "MATRIX STRESSES(Z,R,T)" 
1990 FOR 1=1 TO 5 
2000 LPRINT USING ###.## ";RSZM(I),RSRM(I),RSTM(I) 

1690 RSZF=FLOAD/( PI*RF-Z) 

##.##----";RSZM( I) ,RSRM( I) ,RSTM( I) 

1860 PRINT USING Ii # # . # # - - - - i i ; ~ ~ ~ ~ , ~ ~ ~ ~ , ~ ~ ~ ~  
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2010 NEXT I 
2011 LPRINT "EFS, Y S ,  AEM, STRAIN="- 

2015 GOT0 230 
2020 OPEN "0" ,#l,"RESID" 
2030 FOR 1=1 TO 5 
2040 PRINT #l,RSZM(I),RSRM(I),RSTM(I) 

2012 LPRINT USING 11 ##.##----";EFs,~s,AEM,TEz-TEzo 
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Figure 1. 

1 t I 
I I 

- SiC/Ti-15-3 composite test specimen. (All dimensions are in rnm.) 
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, 
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Figure 2. - Ti-15-3 matrix alloy test specimen. (All dimensions are in mrn.) 
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Figure 3. - Ti-1 5-3 matrix alloy tensile data. 
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Figure 4. - Sicmi-1 5-3 composite tensile data. 
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Figure 5. - Strain-controlled isothermal fatigue life of the Ti-1 5-3 
matrix alloy. 
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Figure 6. - Observed change in mean stress during isothermal fatigue 
testing of the Ti-15-3 matrix alloy. 
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Figure 7. - Stress-based comparison of isothermal fatigue life of SiC/Ti-15-3 
composite (load-controlled) and the Ti-1 5-3 matrix alloy (strain-controlled). 
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Figure 8. - Observed change in mean strain during isothermal fatigue test 
of SiC/Ti-15-3 composite. 
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Figure 10. - Cutaway of composite simulator for 33% volume fraction. Note 
that z, r, and t are the principal stress directions. 
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Figure 11. - Stress relaxation behavior of the Ti-1 5-3 matrix 
alloy at 550 "C. 
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Figure 12. - Thermally generated residual stress distributions in the 
composite at 20 "C, at the onset of the 593 "C age, and at the end 
of the 593 "C age. 
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Figure 13. - Thermally generated residual stress distributions in composite 
at 300 and 550 "C. 
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Figure 14. - Predicted tensile behavior of the composite at 300 "C. 
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Figure 15. - Variation in axial stress of the composite, fiber, 
and matrix durina 300 "C isothermal fatiaue tests. 
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Figure 16. - Predicted tensile behavior of composite at 550 "C. 
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Figure 17. - Predicted change in mean strain (a), fiber and 
matrix stress (b) during a 550 "C isothermal fatigue test on 
the Sicmi composite. Low stress range, A 0  = 655 MPa. 
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Figure 18. - Predicted change in mean strain (a), fiber and 
matrix stress (b) during a 550 "C isothermal fatigue test on 
the SiC/Ti composite. High stress range, ACJ = 1069 MPa. 
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